ABSTRACT
INTRODUCTION
In VLSI physical design, the standard cell placement step consists of assigning modules (typically several thousands) to locations on the silicon surface under numerous design constraints while trading-off several objectives. In general, placement in VLSI physical design is a multiobjective optimization problem [1] . The most important objectives are power dissipation, delay, wirelength and area (width) of the chip [2, 3] . Several attempts using SE (Simulated Evolution) as a search heuristic and fuzzy logic to cope with the multiobjective nature of the problem have been attempted [4, 5, 6] . However, these exhibited unreasonably large runtime requirements.
In this paper, we revisit the algorithm from [6] and show how it can be accelerated in order to run on large circuits in a reasonable amount of time. The basic SE algorithm comprises three steps: evolution, selection, and allocation. Of these, the allocation step is the slowest, with a complexity of Ç´Ò ¾ µ. In this paper we integrate a new allocation scheme into SE based on a force-directed algorithm that has a complexity of Ç´Òµ. We show that this hybrid approach gives results that are comparable (or of better quality especially for large test cases) but with much smaller runtimes [6] .
The paper is organized as follows. Section 2 covers the problem formulation. In Section 3 the proposed algorithm is discussed. Experimental results are presented in Section 4 and conclusions in Section 5.
PROBLEM FORMULATION
SE has proved to be an excellent heuristic for standard cell placement problem in terms of solution quality. However, in terms of runtime, it is not as efficient as other well known deterministic placement algorithms. In this paper we have targeted the problem of decreasing the runtime of SE without degrading the overall solution quality. After inspecting the previous SE-based techniques it is observed that the main time consuming step is the allocation step [7, 4, 6] . The asymptotic time complexity of this step in these algorithms is Ç´Ò ¾ µ. The runtime of SE can be considerably decreased if the allocation step is modified to consume only Ç´Òµ time. In this work, we present a fuzzy, forced-directed approach to solve allocation in Ç´Òµ time. For comparison we target the same standard cell placement problem and cost function presented in [1, 4, 6] .
PROPOSED ALGORITHM
In this section we describe our Simulated Evolution based hybrid search algorithm. We begin with a brief discussion of the basic SE heuristic.
Basic Simulated Evolution (SE)
The general SE algorithm is illustrated in Figure 1 [7] .
tion. In the evaluation step the goodness of each cell in its current location, in the range ¼ ½ , is computed using some measure.
In the selection step, the algorithm probabilistically selects unfit elements. Elements with low goodness values have higher probabilities of getting selected for relocation. These selected elements are identified as the selection set and are removed from the solution. These selected elements are one by one reassigned to new locations in a constructive allocation step. The objective of this step is to improve their goodness values, thereby reducing the overall cost of the solution.
Different constructive allocation schemes are proposed in literature [8, 7] . One such scheme is sorted individual best fit, where all the selected elements are sorted in descending order with respect to their connectivity with the partial solution and placed in a queue. The sorted elements are removed one at a time and trial moves are carried out for all the available empty positions. The element is finally placed in a position where maximum reduction in cost for the partial solution is achieved. This process is continued until the selected queue is empty. The overall complexity of this algorithm is Ç´Ò ¾ µ where Ò is the number of selected elements. Other more elaborate schemes are weighted bipartite matching allocation and branch-andbound search allocation [8] . However, these allocation strategies are more complex than "sorted individual best fit", while the quality of solution remains comparable [8] . In summary, selection and allocation steps determine and dictate the search strategy, while evaluation provides feedback to the search scheme. The main contribution in this paper is a new ÐÐÓ Ø ÓÒ scheme; this will be discussed in Section 3.2. However, the evaluation and selection schemes are same as in [6] , except that OWA-operators for fuzzy aggregation are replaced by the new fuzzy aggregating functions proposed in [9] .
Fuzzy Force Directed Allocation
In the allocation stage, the selected cells are to be reassigned to best available locations. We consider selected cells as movable modules and remaining cells as fixed modules. In previous works [4, 5, 6] , sorted individual best fit scheme was employed. For large circuits the run time was unreasonably high. To address this problem, a force directed allocation is proposed in this work. According to this approach optimal Ü-position and Ý-position of the cell under consideration are found. The Ý-position indicates the row to which the cell should be relocated. If the Ý-position is in between two rows then the row nearest to Ý-position is selected. In order to satisfy the width constraint, if the width of selected row after adding the cell is more than the maximum allowable width then the next nearest row that satisfies the width constraint is chosen. The Ü-position indicates the exact location of the cell in the selected row.
The basic idea behind the force directed method is that cells connected by a net exert forces on each other. Suppose a cell is connected to another cell by a net of weight Û . Let represents the distance between and . Then the force of attraction between the cells is proportional to the product Û ¢ . A cell connected to several cells at distance by wires of weights Û , experiences a total force given by
The best location for a cell is where the Ü-component and Ý-component of are both zero. We can write these conditions as follows,
Solving the above equations for Ü and Ý we have
Values Ü and Ý are the optimal Ü-position and Ý-position for a cell with respect to current Ü and Ý positions of all the cells connected to it [1] . They point to the new location that is better in terms of all objectives. For this purpose, proper weights to each of the nets connecting cell and cell are to be chosen. A good way to choose these weights is to use fuzzy logic. The following fuzzy rule is used to find these weights:
Rule R1: IF a net is good in wire-length AND good in power AND good in delay THEN it has a low weight.
According to this rule, a net will have a smaller weight only if it is good in terms of all the objectives. In fact weight signifies a badness factor (opposite of goodness in evaluation). The cell will try to move in the directions of those nets that have higher weight (higher badness). We use the membership functions in Figure 2 , with the following base values.
where Ð represents wire-length of a net and Ð £ is its estimated lower bound. Ë is its switching probability (required to estimate power in CMOS circuits). Á is interconnect delay of net and Á £ is its estimated lower bound. Ì Ñ Ü is the delay of longest path and Ì Ñ Ü´ µ is the delay of longest path traversing net .
Using these base values and corresponding where superscript denotes allocation, we find a goodness factor , using AFA and OFA operators proposed in [9] , for the net connecting cells and , as follows,
Now the weight of the net Û is calculated as follows,
In this proposed allocation schemes it is clear that for each cell we have to find the best location only once, therefore the complexity of the proposed allocation scheme is Ç´Òµ where Ò is the number of cells selected in selection stage of the algorithm. All other issues such as already occupied zero-force locations, cells already in their zero-force locations, etc., are resolved using the previous ad-hoc approaches available in the literature [1] .
EXPERIMENTS AND RESULTS
Fast Fuzzy Force Directed Simulated Evolution (FFSE) and Biasless Fuzzy Simulated Evolution (BLFSE) [6] , were applied on ½¾ ISCAS benchmark circuits. In BLFSE, execution is aborted when no improvement is observed in the last 500 iterations (maximum of 5000 iterations), whereas for FFSE the algorithm is run for a fixed 5000 iterations. The 0.25 micron CMOS digital low power standard cell library for MOSIS is used. Table 1 compares the quality of the final solution generated by BLFSE and FFSE. The circuits are listed in order of their size (136-10383 modules). From the results, it is clear that FFSE outperformed BLFSE for all circuits in terms of execution time. Also, in most cases, FFSE shows minimal degradation in terms of solution quality but with a significant improvement in runtime. For larger circuits (S3330 & S5378), FFSE performed better than BLFSE in terms of both the final solution quality and the runtime.
Observe that the algorithm converges very fast. This behavior can be observed in Figure 3 , where convergence is achieved after approximately 400 seconds (6.6 minutes), and the remaining time is spent in fine tuning the solution
